Objectives. The study was undertaken to examine the thermal and biochemical responses to 7 a heat tolerance test (HTT) of malignant hyperthermia (MH) susceptible individuals, and 8 compare these with the responses of volunteers who have suffered heat illness (HI) and 9 control volunteers. 10
Introduction 28
Exertional heat illness (EHI) describes the condition where an individual is incapacitated 29 during or following exercise as a result of a rise in deep body temperature. 1 In the United 30 4 EHI Group: military patients of the INM HIC with previous history of EHI who were scheduled 84 for evaluation by HTT; 85 CON Group: military volunteers with no personal or family history suggestive of MH and with 86 no history of HI. 87
Written informed consent of the volunteers was gained in accordance with the Declaration of 88
Helsinki. 16 Absence of MH susceptibility in the EHI and CON groups was assumed rather than 89 confirmed by IVCT because of the rarity of the condition and the invasive nature of the test. 90
The volunteers were all European-white other than one volunteer in the EHI group who was 91 non-Caucasian mixed race. 92 93 Tests were conducted on a treadmill in an environmental chamber. Fans in front of the 94 treadmill generated a wind speed of 7 km.hr -1 . Preparation and recovery were conducted in 95 an adjoining room (20-22 °C) . Maximum oxygen uptake (V  O2max) was measured using an 96 incremental running test to volitional exhaustion with the volunteers wearing shorts and T.shirt. 97
After rest for one hour the volunteers undertook the HTT which was conducted in three 98 continuous phases walking on a treadmill with the volunteers wearing combat T.shirt, trousers, 99 jacket, socks and trainers: 100
Phase 1 (0-30 min): Volunteers carried a 14 kg rucksack, and walked on the treadmill with the 101 speed and gradient set to elicit a work intensity equivalent to 60% V  O2max. Chamber temperature did not differ between the exposures for the three groups; mean (SD) 154 dry, wet bulb and globe temperatures were 35.5 (0.4), 23.9 (0.2) and 35.2 (0.4) °C producing 155 a mean (SD) WBGT of 27.3 (0.2) °C, relative humidity 43 (1)%. Age, height, body mass and 156 lean body mass were the same for the three groups, mean (SD) values were 27 (5) years, 179 157 (8) cm, 81.9 (12.9) kg and 68.2 (9.9) kg. Percentage body fat differed between the groups, 158 F(2,15)=6.952 p=0.009; post hoc comparisons indicated that the percentage body fat of the 159 MHS group was lower than the EHI group (P=0.008), mean (SD) values were 12.3 (3.7) and 160 19.9 (4.4) %. V  O2max did not differ between the groups, mean values were 4.4 (0.8) L.min -1 161 and 54.4 (7.4) mL.kg -1 .min -1 . Two of the MHS volunteers had experienced adverse reactions 162 to anaesthesia and the remaining MHS volunteers underwent IVCT screening[15] as they had 163 relatives who had experienced MH complications during anaesthesia. The halothane threshold for three of the MHS volunteers was 0.5% and for the other three 2%, all six showed 165 a variant in the RYR1 gene. Two of the MHS volunteers were professional sportsmen and the 166 other four undertook recreational sports. 167
168
During the HTT absolute V  O2 and V  O2 as a % V  O2max did not differ between groups and 169 there was no interaction between group and time. Rectal temperature for each volunteer is 170 shown in Figure 1 . Three volunteers (one from the MHS group and two from the EHI group) 171
were withdrawn as their rectal temperatures reached 39.5°C and were rising. There was no 172 effect of group nor an interaction between group and time on rectal temperature or intestinal 173 temperature. Deep body and skin temperature, heart rate and localised sweat rate data for 174 each phase of the test are shown in Table 1 . Statistical analysis indicated that there were no 175 interactions between phase and group for any of these variables. There was an effect of group 176 on thigh temperature x 2 =10.491(2) (p=0.005), with MHS lower than CON (p=0.001) median 177 values were 35.4°C and 36.4°C respectively. There was an effect of group on sweat rate at 178 the thigh: x 2 =11.273 (2) (p=0.004) with post hoc comparisons indicating a higher rate in MHS 179 than CON (p=0.001). Whole body sweat rate (WBSR), absolute and relative to body surface 180 area did not differ between groups; median and (min-max) values for the volunteers were 1.32 181 (0.75-2.08) L.hr -1 and 602 (429-1077) mL.m 2 .hr -1 . 182
183
There was no effect of group or an interaction between time and group for total mean heat 184 flow, heat flow at the individual sites, skin blood flow and rate of metabolic heat production or 185 radiative, convective and evaporative heat transfer. There was an effect of group F (2, 15) were no significant differences between the groups in terms of the deep body temperature, 203 oxygen consumption and serum lactate measurements during the HTT. One interpretation of 204 these findings is that, at the least, a large proportion of MH susceptible patients are not at 205 increased risk of EHI and this is consistent with remarkably few reports of heat illness in MH 206 susceptible patients. 19, 20 There was, however, evidence to suggest that the MHS group was 207 able to dissipate heat more effectively, as demonstrated by their higher localised sweat rate 208 and lower skin temperature at the thigh. Given that Tre and heat production were similar 209 between the groups suggests that this was not sufficient to influence deep body temperature. the sweat rate measured at the thigh in our study was higher in MHS than CON. Interestingly, 219
in an initial study examining the anthropometry of volunteers with MHS, Campbell et al (1982) 220 showed that percentage body fat (as in this study) was lower in the MHS group (n=27) and 221 was 16.7% compared with 21.3% in a control group (n=21). 22 The current study used a more 222 physically arduous regimen than the previous work and is the first reported to utilise a HTT The data do support the hypothesis that the MHS group demonstrate a greater change in 234 biochemical markers suggestive of muscle breakdown in response to a HHT than the CON 235 and EHI groups. Serum myoglobin and muscle enzymes are indirect markers of muscle 236 damage, and in a longitudinal study involving arduous military training, myoglobin was the 237 most sensitive marker of muscle stress. 26 During a MH reaction there is a sustained increase 238 in myoplasmic calcium concentration producing hypermetabolism and contractile activity and 239 it has been suggested that this also occurs with exercise in the heat. 27 Calpain, a nonlysosomal 240 cysteine protease is thought to trigger skeletal muscle protein breakdown and is activated by 241 raised intracellular calcium. 28 242 243
Although there were only six volunteers in the MHS group, those who (on the IVCT) responded 244 at 0.5% halothane demonstrated higher serum myoglobin values (at all three sample points 245 after the HTT) than the MHS volunteers who responded to the IVCT at 2% halothane. This suggests that sensitivity to halothane in the IVCT may correlate with the degree of muscle 247 breakdown experienced in the HTT. 248
249
Our study was limited because of the small number of MHS volunteers recruited, which was 250 due to the low availability of suitable MHS volunteers. A further limitation of the study was the 251 assumption that the control subjects were not susceptible to MH, but confirmation by IVCT 252 could not be justified; however, none of these volunteers reported adverse reactions to 253 anaesthesia in themselves or family members. While the HTT is able to discriminate between 254 individuals based on their ability to thermoregulate under standard conditions, it is a surrogate 255 for predisposition to develop EHI. None of the volunteers in the MHS group have a history of 256 EHI, so either they are not susceptible to EHI (including the one MHS individual who failed to 257 thermoregulate during the HTT) or have not been exposed to the same level of exercise or 258 heat as the military patients referred to the HIC and who subsequently fail the HTT. 259 260 It is interesting that just one out of 6 MH susceptible individuals, who all had an abnormal 261 IVCT, failed to thermoregulate during the HTT. This contrasts with the observation that 34% 262 of patients referred to the HIC following an episode of EHI and unable to thermoregulate during 263 the HTT have an abnormal IVCT. 29 In reconciling these observations it is important to 264 recognise that the IVCT is not specific for MH susceptibility and that abnormal findings may 265 be obtained with samples from patients with other muscle disorders. 30 Our working hypothesis 266 is that MH susceptibility and susceptibility to EHI are distinct but overlapping phenotypes. 
